Nine novel polychlorinated dihydrocamphenes (1-9) have been isolated from reaction mixtures obtained by the chlorination of lower chlorinated monoterpenes. These compounds are potential congeners of insecticide toxaphene. The H NMR spectral analysis. In the case of 2, the structure has been determined by X-ray methods. Full geometry optimizations have been performed at the ab initio HF/6-31G* level for a comparison with the conformational and structural properties obtained from the NMR-and X-ray experiments. The optimized geometries are in excellent agreement with the experimental structures. In addition, rotation barriers of compounds 7 and 9 have been characterized with the semiempirical AM1 method. The gauge-including atomic orbital (GIAO) method have been employed to calculate 13 C chemical shifts of 1-9 using density functional theory (DFT) at the B3LYP/6-311G* level and the HF/6-31G* optimized structures as geometry input. A comparison of the calculated and experimental data yielded a regression equation, which with added indicator variable (the number of chlorine atoms attached to each carbon) is capable of the accurate prediction of carbon chemical shifts for these compounds.
1
H and 13 C NMR spectra of 1-9 have been assigned by means of 1 H, 1 H DQF COSY (double-quantum filtered correlation spectroscopy), 1 H, 1 H ROESY (rotating frame nuclear Overhauser effect spectroscopy), PFG 1 H, 13 C HMQC (pulsed field gradient heteronuclear multiple quantum coherence), 1 H, 13 C HMBC (heteronuclear multiple bond correlation) experiments, and computer aided 1 H NMR spectral analysis. In the case of 2, the structure has been determined by X-ray methods. Full geometry optimizations have been performed at the ab initio HF/6-31G* level for a comparison with the conformational and structural properties obtained from the NMR-and X-ray experiments. The optimized geometries are in excellent agreement with the experimental structures. In addition, rotation barriers of compounds 7 and 9 have been characterized with the semiempirical AM1 method. The gauge-including atomic orbital (GIAO) method have been employed to calculate 13 C chemical shifts of 1-9 using density functional theory (DFT) at the B3LYP/6-311G* level and the HF/6-31G* optimized structures as geometry input. A comparison of the calculated and experimental data yielded a regression equation, which with added indicator variable (the number of chlorine atoms attached to each carbon) is capable of the accurate prediction of carbon chemical shifts for these compounds. Keywords: 1D/2D NMR, ab initio, AM1, conformation, DFT, GIAO, MO calculations, polychlorinated dihydrocamphenes, stereochemistry, toxaphene, X-ray structure.
Introduction
Toxaphene is an insecticidal mixture, which is produced by the controlled chlorination of camphene (2,2- 2, 3 Further radical chlorination leads to a complex mixture of highly chlorinated C 10 -terpenes. For many years it was believed that toxaphene mixture primarily consists of chlorinated bornanes next to small amounts of chlorinated bornenes and even smaller amounts of chlorinated bornadienes. 4 The existence of polychlorinated bornenes and bornadienes had been postulated due to the GC/NCI-MS detection of substances with fragment masses being 2 or 4 amu below the [M-Cl]-ions of bornanes. Actually, these mass spectra must probably be attributed to camphenes, because new insights in synthetic pathways of technical toxaphene indicate the formation of camphenes and dihydrocamphenes. 5 Previously, Landrum et al.6, 7 reported the identification of a heptachlorodihydrocamphene in technical toxaphene and Hainzl et al. 8 reported the isolation of five polychlorocamphenes from a toxaphene standard. In addition, Tribulovich et al. 9 showed that cis-and trans-5-exo,10-
are possible precursors of polychlodihydrocamphenes in technical toxaphene. It is known that the various toxaphene components are differently transformed in the environment; while some congeners are highly persistent, others are easily metabolized and not detectable in environmental samples. 10 This leads to a simpler toxaphene residue pattern compared to the technical mixture. The composition in biota also varies depending on the trophic level and the ability of a species to metabolize selected toxaphene components. 11 This implies that the orientation of the chlorine atoms may influence the chemical stability of toxaphene congeners. 12 In addition, individual toxaphene congeners may exhibit different toxicity. 13 Accordingly, the position and the number of the chlorine atoms on the molecule determines the magnitude and nature of biological effect. 14 Consequently, an exact assignment of the stereochemistry of the chlorine atoms on the primary carbons is necessary for correct prediction of chemical reactivity and for correct assessment of degradation or accumulation in environment.
In this study, we report the syntheses, isolation and characterization of nine novel polychlorinated dihydrocamphenes 1-9. An exact description of position of the chlorine atoms on the primary carbons has been achieved by extensive one-and two-dimensional 1 H and 13 C NMR spectroscopy. In the case of 2, the structure has been determined by X-ray methods. The experimental results are compared with those obtained from ab initio optimizations performed at the HF/6-31G* level. In addition, rotation barriers of compounds 7 and 9 have been characterized with the semiempirical AM1 method. 16 have suggested that the combination of high-level ab initio optimized geometries, theoretically computed NMR chemical shifts, and experimental NMR data provides a tool that can be routinely applied for structural determinations as well as the characterization of new compounds. In this paper the gauge-including atomic orbital (GIAO) 17 method have been employed to calculate 13 C chemical shifts of the polychlorinated dihydrocamphenes 1-9 using density functional theory (DFT) at the B3LYP/6-311G* level and the HF/6-31G* optimized structures as geometry input. From the data, a linear correlation between experimental and theoretical shifts has been derived. Furthermore, the predictive ability of the model has been improved by adding an indicator variable N Cl (the number of chlorine atoms attached to each carbon) to the regression equation.
Results and Discussion

Formation of polychlorinated dihydrocamphenes
In a first step of the toxaphene synthesis, a chloronium ion is added to the primary olefinic carbon of camphene. The positive charge in the six-membered ring is not localized on C3 but partially distributed on C4 and C5. According to the Markovnikov's rule the resulting stabilization of the positive charge in the non-classic carbocation results in no charge on C10. The non-classic carbocation primarily rearranges via a Wagner-Meerwein pathway to bornane by a nucleophilic attack of chlorine at C4 resulting in 2-exo,10-dichlorobornane. 5 The formation of polychlorinated dihydrocamphenes is not as easy to understand as it would seem. Landrum et al. 7 postulated addition of HCl to the double bond of camphene. According to Krock et al. 5 this is very unlikely since an ionic attack at the double bond is more favourable due to the stabilization effect of the Wagner-Meerwein rearrangement resulting in the formation of bornane. Chlorination together with a retention of the camphene backbone occurs only if the Wagner-Meerwein rearrangement is hindered. 5 Stabilization of the non-classic carbocation become difficult in the case of a chlorine substituent at C5. Krock et al. 5 postulated that a chlorine substitution on C5 allows a stabilization of the positive charge due to delocalization between C3, C4, and C7. In comparison to the bornyl cation this carbocation is energetically less favoured due to the higher ring strain in the neighbouring fourmembered ring (C1, C2, C3, and C7). Krock et al. 5 suggested that stabilization by addition of chlorine on C4 would lead to chlorinated pinane which is less favourable than the formation of dihydrocamphene generated by addition of chlorine at C3. Therefore, Krock et al. 5 proposed that all dihydrocamphenes should have chlorine atoms on C3, C5, and C10. This is indeed the case for all dihydrocamphenes described in this article and reported previously. 6, 7, 9 Crystal structure of 3-exo,5-exo,6-exo,9,10,10-hexachlorodihydrocamphene (2) . The crystal structure of the hexachlorodihydrocxamphene 2 has been determined by single The density of the compound calculated from these values and from the molar mass of 344.90 g is 1.707 g cm -3 . X-ray analysis shows that there are three crystallographically independent molecules in asymmetric unit. Two of these molecules are essentially identical structures and the third one is their enantiomer. As shown in Figure 1 , the chlorine atoms are in positions 3-exo, 5-exo, 6-exo, 9c, 10b, and 10c. This arrangement seems to offer minimum intramolecular interaction between the bulky chlorine atoms and results in a compact molecule, which allows efficient molecular packing in the crystal. The orientation of the chlorine atoms determined by X-ray analysis is convergent with the solution structure determined by NMR methods.
As shown in Table 1 , almost all the C-C bonds are slightly longer than the single bond value of 1.530(15) Å. 18 The same applies to C-Cl bond lengths, where the difference from the single bond 1.767(2) Å 18 is appreciably greater. These two findings are consistent with those reported for polychlorinated bornanes and for polychlorinated tricyclo compound. [19] [20] [21] The mutual influence of the chlorine atoms in these compact polychlorinated molecules has the effect of stretching the bonds and increasing the size of the whole molecule. b Experiment at 0°C.
The shift order of protons H6 and H5 is based on two-dimensional ROESY experiment. Inspection of the structure of 2 in Figure 1 reveals that H10a is closer to H5 (H-H distance 2.32(4) Å) than to H6 (H-H distance 3.23(4) Å). H10a would therefore be expected to have a stronger dipolar interaction with H5. This is indeed the case since the cross peak between H10a and H5 is intensive and that between H10a and H6 is missing totally. In addition, the endo methyl group on C2 shows an intensive interaction with H6 (H-C distance 2.52(3) Å), whereas a correlation with H5 is very weak (H-C distance 3.57(3) Å).
The doublet of quartets at δ 3.88, which has one large and one small coupling constant [ 2 J(9a,9b) = -11. 35 that the chloromethyl group on C2 is in an endo position and the methyl group is in an exo position. Thus, compound 1 has the same structure as 2 with the one difference that in compound 1 the orientations of the substituents on C2 are interchanged with respect to those of compound 2.
In compound 1 there is a long-range coupling between the bridge proton H7a and H8b ( 5 J = 0.74 Hz), which follows a near planar zigzag pathway. This coupling is typical for all dihydrocamphenes examined with a CH2Cl or CHCl2 group in an endo configuration on C2. Compounds 3, 4, and 5 are heptachloro congeners that have differences in chlorine substitution on C5, C8, and C9. In the compounds 3 and 4, the additional chlorine is attached at the endo position of C5. This is confirmed by the ROESY spectrum of 3 and 4, in which H10a shows no correlation with the low-field doublet at ca. δ 4.7. Instead, this doublet shows an intensive interaction with H8a in 3 and with the endo methyl group in 4.
In compound 5, the additional chlorine atom is attached on C9. The proton on C9 shows a 1 H NMR spectrum of octachloro compound 7 and that of nonachloro congener 9
show significant broadening of the signals of several protons. These poorly 12 resolved spectra are attributed to the existence of several conformers in equilibrium due to the rotation of chloromethyl and dichloromethyl groups. Therefore, the 1 H spectra for 7 and 9 have been recorded in the temperature range -60°C to +60°C, at intervals of 10°C. The 1 H spectrum of compound 7 at 30°C shows broadening of the signals of dichloromethyl protons and of protons H1 and H6 at δ 7.10, δ 6.65, δ 5.70, and δ 2.84. This broadening gets weaker at elevated temperature and disappears at -50°C. At lowered temperature no sign of another conformation appear which means that the most stable conformation is predominant (> 90%) in equilibration mixture. The 1 H NMR parameters of compound 7 have been deduced from the spectrum measured at -50°C and the favourable conformation of 7 is based on ROESY experiment at the same temperature. The preferred conformation of 7, based on the NMR analysis, is identical with that obtained from the theoretical calculations performed at the HF/6-31G* level.
The 1 H spectrum of compound 9 at 30°C shows two sets of broadened signals without fine structure. At elevated temperature, only one set of signals is visible with weaker broadening. At 0°C broadening disappears and the fine structure of both sets of signals becomes clearly visible. Therefore, at 0°C this compound exists in two conformations that are contributing in the proportion of 71 (9a) to 29 (9b). On NMR time scale rotation is slow at 30°C, fast at 60°C, and no rotation is observed at 0°C. The NMR parameters and conformational analysis of compound 9 are based on experiments performed at 0°C. The only difference between the major conformation 9a and the minor conformation 9b is the orientation of the chlorine atoms on C9. In conformer 9a, the strong long-range coupling between H8a and proton on C9 ( 4 J = 2.01 Hz) is possible only if there is a 13 planar W pathway between these two spins. Therefore, in this conformation the proton on C9 must be in position H9a. In conformer 9b above-mentioned W coupling disappears. Instead, there emerges a longrange coupling between H4 and proton on C9 ( 5 J = 0.57 Hz). This indicates that in 9b the proton on C9 must be in position H9c or, otherwise, a near planar zigzag pathway for long-range coupling is not possible. This finding is supported by the observation that H7b experiences a significant downfield shift because of spatial proximity of electronegative chlorine atom in position Cl9a. Instead, H4 experiences a significant upfield shift indicating that electronegative atom is moved away from its spatial proximity. The two conformations of 9, based on the NMR studies, are completely consistent with those obtained from the geometry optimizations performed at the HF/6-31G* level.
The Table 4 . Figure 2B for an example). In the case of compound 7 the 13 C NMR spectrum shows sharp signals for nine of the carbons, while C9 present signal of low intensity and of broadened linewidth. In the case of compound 9 the 13 C NMR spectrum contain two sets of signals with different intensities, enabling assignment of the chemical shifts to conformers 9a and 9b. The largest chemical shift difference. δ between 9a and 9b is observed for C8, 3.6 ppm. The other significant ∆δ involve C9 and C3, for which 3.1 and 3.0 ppm differences, respectively, have been measured. The smallest chemical shift difference, 0.1 ppm, concern C2 and C6.
calculations. The barriers for chloromethyl and dichloromethyl group rotations have been computed in steps of 10°, and the potential energy curves have been visualized with the MATLAB program package.
For the rotation about the C2/C8, C2/C9, and C3/C10 bonds, three local minima of energy are found, as shown in Figure 4 . The torsional barriers in Figure 4 are referenced to their respective global minimum for ease of comparison.
For compound 9, the a and b conformers are clearly visible ( Figures 4A-C) . As expected, conformation 9a (heat of formation -188.78 kJ mol -1 ), with the chlorine atoms in 8c, 9b, 9c, 10b, and 10c positions, is predicted to be slightly more stable than conformation 9b (heat of formation -183.89 kJ mol -1 ). The barrier to rotation from the more stable a conformation to the less stable b conformation is found to be ca. 72.2 kJ mol -1 and the Boltzmann distribution to be 89.6% (a) and 10.4% (b). These observations are qualitatively in agreement with the NMR experiments discussed above. In the case of 7, two stable conformations are again found ( Figures 4D-F) . In this case, the second conformation (chlorines in 8a, 8b, 9c, 10b, and 10c positions; heat of formation -183.89 kJ mol -1 ) is in energy only 6.52 kJ mol -1 higher than the optimal conformer (chlorines in 8a, 8c, 9b, 10b, and 10c positions; heat of formation -190.41 kJ mol -1 ). However, no evidence of the other stable conformation is found at the NMR and ab initio data. Reoptimization at the HF/6-31G* level resulted in considerably larger energy difference of 14.7 kJ mol -1 . Therefore, there is no need to consider the other conformer. From the above it is evident that although the energy differences for the various conformations leave a lot to be desired, the AM1 method is capable of the qualitatively accurate prediction of the rotation barriers for the model polychlorinated dihydrocamphenes.
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We improved the predictive ability of the model by adding an indicator variable N Cl (the number of chlorine atoms attached to each carbon) to the regression equation. Consequently, an adjusted correlation between δ obs and δ calc is obtained, expressed by the following equation:
δ obs = 0.862δ calc -3.170N Cl + 4.316 (Eqn.
2) The standard error is decreased to 1.435 ppm and the squared correlation coefficient is improved to 0.994. Furthermore, the largest absolute error is only -4.0 ppm. Most of the false assignments are absent and the chemical shift variations associated with different conformations of 9a and 9b are described correctly. As shown in Table 4 , it is evident that GIAO B3LYP/6-311G* method with equation 2 is capable of the accurate prediction of carbon chemical shifts for selected polychlorinated dihydrocamphenes using the HF/6-31G* optimized structures as geometry input. 
Experimental Section
Synthesis and isolation
All compounds were prepared by chlorination of lower chlorinated monoterpenes, followed by fractionation on silica gel with hexane as eluent.
9, 31-35 Compounds 1, 2, and 5 were obtained as by-products from preparation of 2,2,5-endo,6-exo,8,9,10-heptachlorobornane (2,2,5-endo,6-exotetrachloro-1,7,7-tris-chloromethylbicyclo[2.2.1]heptane) by fractionation of chlorinated camphene with an average content of chlorine 6.5 atoms in a molecule. 33, 34 Compounds 3, 4, 6, and 7 were prepared by fractionation of chlorinated 5-exo,10-dichlorocamphene, average content of chlorine 7.5 atoms in a molecule. 9 Compounds 8 and 9 were prepared by fractionation of perchlorinated 5-exo,10-dichlorocamphene, average content of chlorine 9.5 atoms in a molecule. 35 As a rule, several successive crystallizations from different solvents were a way to final purification. Relative GC retention times, determined against 2,2,5,5,8,9,9,10,10-nonachlorobornane (2,2,5,5-tetrachloro-7-chloromethyl-1,7-bis-dichloromethyl-bicyclo[2.2.1]heptane), are summarized in Table 5 . This compound was chosen because, according to our experience, it is not interfered by co-elution. The GC experiments were carried out using a Varian 3700 gas chromatograph. The GC was equipped with a 53 m DB-5 capillary column (0.25 mm i.d., 0.1 µm film thickness) with nitrogen as the carrier gas (1.33 ml min -1 ). The splitless injection port and electron capture detector was maintained at 250°C and 300°C, respectively. Nitrogen was used as the make-up gas (40 ml min -1 ). The oven temperature was first held 2 min at 160°C followed by a ramp to 280°C at 20°C min -1 , with a final hold of 10 min. 36 The structures were solved by direct methods (SHELXS-97) 37 and refined on F 2 (SHELXL-97). 
31, 32
NMR spectroscopy
All NMR experiments were performed on dilute CDCl 3 solutions at 30°C unless otherwise stated. For compounds 7 and 9 1 H spectra were recorded in the temperature range -60 to +60°C, at intervals of 10°C. In addition to measurements at 30°C, ROESY spectrum for 7 and 9 were recorded at -50°C and 0°C, respectively. NMR spectrometer used was Bruker Avance DRX 500 equipped with a z-gradient accessory and an inverse (or a direct detection) 5 mm diameter probehead working at 500. 
Quantum mechanical calculations
Full geometry optimizations were done at the ab initio HF/6-31G* level. Rotation barriers for compounds 7 and 9 were characterized with the semiempirical AM1 method. 15 The barriers for chloromethyl and dichloromethyl group rotations were computed in steps of 10°, and the potential energy curves were visualized with the MATLAB program package. The gaugeincluding atomic orbital (GIAO) 17 method was employed at the DFT B3LYP/6-311G* level to calculate 13 C isotropic shielding constants (σ) for TMS (183.6 ppm) and the chlorinated dihydrocamphenes studied. All calculations were done using the Gaussian98 program 39 running on IBM RISC/6000 320 and Silicon Graphics Origin200 workstations.
